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PRELIMINARY REPORT ON THE MINIMIZATION
OF DRIFT IN MAGNETIC CONTROL AMPLIFIERS

Prepared by.
E. T. Hooper H. He. Woodson

Je Jo Suozzil C. V. Thrower

ABSTRACT: All magnetic control apliiiiers sxhibit null drift
under temperature, supply voltage, and frequency variations.
Many applications specify such a low level of crift that
speclial techniques are demanded in the design and construction
of the amplifier. Tests, specifications, and procedures for
the practical manufacture of drift insensitive magnetic con-
trol amplifiers are given. Conservative estimates of the
yYields on components are made.

The techniques outlined are applicable to all high performance
magnetic control amplifiers and constitute a less complex
manufacturing schedule than some practical procedures now
used 1in this field.

In follewing these techniques, amplifiers have been consiat-
ently produced with drifts below 0.125 microwatt (0.05 volts
at 20,000 ohms input impedance) for a temperature range of
-559C to ¢71°C, voltage range of 115 volts ¢ 10 volts and
frequency range of {00 cps & LO cps.

U. S. NAVAL ORDNANCE LABORATORY
White Oak, Silver Spring, Haryland
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Under Bureau of Ordnance assigned tasks NOL-ReB8-1-2-53 and
NOL-A8f-1-2-54 for the developmernt of megnetic amplifiers,

the problem of null drift in the half-wave magnetic control
amplifiers such as those reported in NavOrd Reports No. 2737
and No. 2833 was investigated. As requested verbally by

Mr. Ensinger, Re8; the effort was airected toward vhe minimi-
zation of drift in a specific circult and the development of
thie tesus and procedure necessary for the practical production
of this magnetic amplifier,

EDWARD L. WCODYARD
Captain, USN
Commander

D. S. MU”ZE
By direction
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PRELIMINAKY REPORT ON THE MINIMIZATION
Q2 DRIFT IN MAGNETIC CONTROL AMPLIFIERS

INTRODUCTION

l. Drift is herein defined as output from the magnetic
control amplifier for zero input due to tne influence of
chnangea in ambient temperature, voltage and frequency. In
a closed loop position control system where the output of
the controller tends to remaln zero, drift In tne magnetic
control amplifier results in a null error being present on
tne input terminals. Botli open and closed locop methods of
measuring drift are employed in this report and will be
justifled in each case,

2. The magnitude of drift considered also should be stated
at this point. Experlence seems to indicate that by employing
completely unmatched rectifiers and unmatcned Orthonol tape
cores selected at random, drift may be encountered equivalent
to 2 slgnal input of & volt or preater at an ivunt impedance
of 10,000 ohms. With nominal selection of components, drift
for a temperature range of approximately -559C to #71°C, line
voltage of 115 volts ¢ 1lu volts, ana frequency of LOO cps

+ 40 cps can be reduced to tne order of 0.2 volts. This
report deals with the matching techniques useful in reducing
the drift to below tne 0.125 microwatt level (0.05 volt at
20,000 ohm input impedance).

3. In investigating tnis drift problem ana seekingy a practi-
cal solution u specific magnetic amplifier circuit was
selected, [nis was done in order to indicate the manufactur-
ing problem and its solution turougn varlous tests and
procedures, and to estimate probable ylelds on components., A
high performance magnetic control amplifier circuit was selec-
ted in which the effects of drift were more readily apparent.
In addltion, part of the circult comprised an integrator in
wnichh it was necessary to maintain essentially unity gain

under all conditlions. This placed tight restrictions on the
slope and linearity of the gain curve.

L. The techniques described in this report were designed to
provide a practical manufacturing procedure wnich would be
simple and also give a high yleld on all components. These
technlques are appiicable tc all high performarnce magnetic
cantrol amplifiers. In instances where the galn is not
required to remain constant, the specifications can be loos-
ened considerably.
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SYSTEM REQUIREMENTS

S. The specific magnetic control amplifier circuit investi-
gated 1s shown in figure 1 along with the closed servg loop.
The amplifler consists of four half-wave type stages.

Positive integral fesdback is placed around the first two,
forming_an integrator for unity loop gain arounc the two
stages. The system 1s designed for use with Bureau of
Ordnance Servo Motors Mark 12 and Mark 16. Spesd proportional
voltage from the tachometer generator is fed back to the input
of the third stage supplying damping for the system. The
synchro error detection system produces 1 volt per degree
error.

6. In the closed loop servo system the integrator provides a
near-zero velocity error with infinite static accuracy,
sxclusive of synchro error and drift error. The static error
was required to be less than 0.05 volts and the velocity
error, including static¢c error was not to exceed 0,1 volts for
rotational speeds at the synchro control transformer of up to
20 degrees per second. The maintenance of a low veloclty
error requires a constant and linear gain in Stages i and II
that is unaffected by variations 1in temperature, voltage and
frequency. In many respects this 1s a more difficult part of
the problem than the actuel drift and is considered nere
because 1t i3 a requirement frequently placed on high perform-
ance amplifiers, both electronic and magnetic. Solution of
this portion of the problem causes the drift problem solution
to be even more general and useful.

6., The system was regquirsd tc cperate over the temperature
range of =550C to +71°C and from a line voltage of 115 volts

+ 10 volts at a frequency of LOO cps ¢ 4O cps. For the pur-
poses of this investigatlion it was assumed that line frequenc
variations could be simulated by additional line voltage
variations. Subsequent spot checks supported thls assumption.
Consequently the line voltage was varied from 100 to 130 volts
to simulate beth voltage and fregquency varlations. Under all
compinaticns of conditions the drift was consistently held
below the 0.05 volt level and the gain was stabilized so as

to 2llow no more than 0.1 volts velocity error (including
drift error) for tne input velocities indicated.

OUTLINE OF PROCEDURE

7. In brief outline the technique for the minimization of
drift in magnetic control amplifiers 1s as follows:

(A) Select Stage I rectifiers. This requires thne constru-
tion of a simple test cilrcuit whereby the rectiflers are

2
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are evaluated by two meter readings. The yleld in this test
is estimated to be approximately 30% and all rejects will be
utilized elsewhere in the circuit.

(B) Select Stage I reactors by using tne test circuit of
(A). The resctors are paired on tne basis of two meter read-
ings., Gpecifiec k~I curves for all Stage I reactors must
fall within a certain range ot values. These curves are
obtainable with nominally good core material and snnuld be
specified in purchasing. Wnen cores are obtained in tnis
manner there should be no rejects.

By use of tne above selected components witn some addition-
al precautions the arift in Stage I can be reduced to the oraer
of less than 0.1 volt,

(C) Select Stage II rectifiers. Tals is accomplishned in
a test circult which permites rarid measurement and sorting as
to characteristics. From these sorted rectifiers matched
pairs can be cnosen. From large quantities of rectifiers
yields in the order of 80% or higher can be obtained witn all
re jects being utilized in the thira stage.

(D) Select Stage II reactors. These should te matched by
weight to the third significant figure and have L-I curves
that fall in a certain range of values. These properties are
obtainable 'rith nominal Orthonol tape cores and if some restric-
tions are piaced on purchasing should result in yields 1in the
order of 95%. All rejects excepting total failures can be
utilized in Stage IV.

The above selected components can be useda to reduce tne darift
in Stage II to below the 0.1 volt 1level.

(E) With tne stages assembled the arift curve of each over
the temperature range is plotted. A Stage I and a Stege I1
whose drifts are in the same order of magnlitude are connected
so that tne drifts oppose eacn other. 7Tnia insures a drift
in tne first two stages of below tune 0.05 volt level. ‘The
yileld in stages should pe 95% or nigher wiien large numbers of
stages are built.

8. The drift associated witn the third and fourth scages has
been found to be negligible when nominal care is taken in
obtaining components. Thus the 0.05 volt drift assoclsated
with the first two stages represents thne maximum drift in tails
four stage magnetic control amplifier.
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SELECTION OF RECTIFIERS FOR STAGE I

Y. It was found that for very accurate matching of rectifiers
tne exact operating conditions in tne circult must be dupli-
cated in tne testing circuit. Also the sensitivity of the
testing circuit had to be of a very hign order to detect suf-
ficiently smiall differences in the rectifiers. ror tnese
reasons & comparison type rectifier matching circuit was con-
structed in which pairs of rectifiers are checked against each
other. The reactors used in the test circuit are of the same
type as those used in the completed amplifler stage.

i0. The ccnstruction of the rectifier testing circult 1is as
(]

(1) Select a pair of [~79 molybdenum permenol cores,
matched by weight to tine third significant figure.

Specifications: 1-1/2" 0.D. 1-1/3" I.D. 8 mil laminations,
insulated by 1 mil paper, total 12 lamirations.

(2) Sector wind witn the following windings:
800 turns #35 (Winaing A} v
800 turns #29 (Winaing B)
800 turns #29 (wWinding C)
800 turns #35 (wWinding D)
The distribution of windings is shown 1in figure 2.

(3) Connect in differential circuit as snown in figure 3.
Note that no balancing is used. Components snould be chosen
such that without desensltizing the meter, meter A does not
read off scale.

(4) Calibrate meter A by placing 0.05 volts d.c. on the
signal input terminals. If meter A has an internal impedance
of approximately 550 ohms the change in output current should
be in the order of 8 microamperes.

(5) With the rectifiers under test in positions #1 and
#2 note the unbalance reading on meter A-

(6) Interchange rectifiers #1 ana /2 and again read
unbalance on meter A.
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(7) The algebraic difference in tne readings of step (5)
and step (&) must not exceed four times the magnitude of the
calibrated change in output current noted in step (4) for tune
rectifiers to be sufficiently matched.

11. The circult rectifiers in Stage I are 5/8" square

6 plete half-wave connected selenium rectifiers. Radio
Receptor Company rectifiers, which were immediately available
in quantity, were used in the study of the drift problem and
gave the desired results. Other rectifiers may be substituted
so long a3 amplifier performance (gain and time delay) are
unimpalired. 1In general, tne highest reverse to forward imped-
ance possible at 400 cps power frequency is preferred.

i2. Belfore matciniing,. the vectifiers must Le tempersture cycled
ten times from -60°C to ¢75°C and afterwards formed for 2y
hours at rated current and voltage. Care mus*% be exercised in
soldering ccnnections to these rectifiers after they nave been
matched because undue local neating of this type may cnange

tneir characteristics.
SELECTION OF CORKS FOR STAGE 1

13. Laminated core material was chosen for Lune cores of Stage
I to minimize the sensitivity to strains over tne temperature
range. Tne material 1s y-79 molybdenum permenol. +The cores
are constructed of 8 mil laminations insulated by 1 mil paper
having inside diameter of 1-1/3 inches and outgside diameter of
1-1/2 inches. A total of 12 laminations are used. 'l'he cores
to be matched snould come frowm the same heat treating anneal
and te matched by weight to tne third significant figure.
Sufficient paper should be inserted in the core box to prevent
excessive movement of the laminations, although binding of the
laminations in the box is to be avoided.

ll4j. The cores are than sector wound with

800 turns #35 (Winding A)

800 turns #29 (Winding B)

800 turns #29 (Winding C)

800 turns #35 (Wirding D)
as shown in tigure 2. After windl ng, tne reactor is vacuum
impregnated in medium weight oil of fairly comstant viscosity

such as hydraullc oil. It is not necessary tc temperature
cycle these cores.

\TFL
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15, The wound reactorr when checked on the test set-up of

figure L using 800 turns should nsve an ti-I1 curve in the ~
range shown 1in figure 5. Thls measurement is not sufficiently
sensitive to be used as a matching test but rather 1s used to

insure the necessary gain in tne first stage. <Consequently,

tne E-1 curve of the reactor must be as good as the range

indicated.

16. In order to facilitate purchase of these cores, the d-c
data 1s given. Sufficient correlation nas not been obtained
to guarantee that duplication of tne d-c data will necessarily
produce the E-I curve required. nowever the d-c data should
be of the following order:

Maximum permeability = pu max = 700,000 to 800,000

Coercive force {Hgs)} = .0045 oersteds

Maximum flux density = 7800 - 7900 gauss
Residual flux density = 5100 - 5300 gauss

17. The wound resactors are matched 1n pairs in the test set-

up of figure 3. A set of fairly well-matched rectifiers are >
required from the rectifier matching test. Provislon mst be
made for the insertion of the reactors into tne circuit and
for Interchanging them. With the resctors in the circuit the
unbalance is noted on meter A, Tnen the reactors are inter-
changed and the unbalance readlng again noted. The algebrsaic
difference of these two unbalances must not exceed twice the
magniftude ot the calibrated oucput for 0.05 volts d.c. input.

SELECTICN OF RRCTIFIERS FOR 3TAGE I

18. Tne selenium rectiflers for Stage I1 are composed of 8
plates cne inch square, doubler connectea witan plates in
intimate contact. Before testing they are temperature cycled
ten times between -60°C and +759C and then formed for 24 hours
at rated current and voltage. <Care must be exercised in
soldering connections to these rectifiers after tney nave been
tested as undue local nheating cf tnls type may change their
characteristics.

13. The rectifier characteristics are measured in the circuit
of figure 6. An rms voltage of 15 volis 1s appliea and the
half-wsve average current 1is regulated, by the variable resist-
ance, R, to 30 ma. Thils simulates to some extent actual cir-
cult conditions. The circult in series with the rectiflier
under test glves a measure of reverse leakage current while

the circuit in parallel with the rectifier under test gives a




NAVORC Report 3595

measure of tne forward voltage drop. The germanium diodes
used are CGeneral Electric type INy2, selected to have less
than 45 microamperes leakage current with 45 volts d.c.
applied in the reverse direction. The microammeters and
milliammeter are adjusted to read on scale (preferable mid~
scale) whereupon the test circuit is ready to indicate relative
values of the rectifiers to be tested. More elaborate cali-
bration could be made su as to indicate actual values of
current and voltage but this is not necessary. If desired,
the error due to leakage currents in the germanium diodes can
be reduced by plecing the germanium diodes in dry ice. However
again this ia not necessary. Lkach four plate section of the
doubler connected rectifier is now tested. !Migure 7 shows a
palr or doubler connected rectit'iers and the sections that
must be matched. Two sections are considered matcned if the
micruvammeter readings (proportional to reverse current) agree
within §f microamperes, and ttie milliammeter readings (propor-
tional to forward voltage crop) agree within 0,04 milliampere.
If the sensitivity of the two meters is increased better
matchling can be obtained but this will probably not be neces-
sary unless tne temperature sensitivity of tne rectit'iers
used 1is greater than those so far encountered.

SLLECTION OF CORES FOkr STAGE II

20. If commercially selected cores are available in which
the coercive forces and remmnernces are matched; tiese should
be obtained. In general nowever ummatcned cores will be pur-
chased in wnich case the selected set snould be matched in
welight to the third significant figure. The real test as to
thelr acceptability is that an E-I curve taken on the test
sebt-up shown in figure L4 using 2200 turns must fall in the
range of values indicated in figure 8. Tnis specifies the
gain properties of the core as well as relative matching.

21. In orader to simplify tne production and selection of
cores that will have the abcve specified -1 curves when
wound and tested tne following heat treatment is indicated.
This heat treatmenc is used successfully on a laboratory
scale at the Naval Ordnarnce Laboratory and will serve as a
gulde to producing the desired cores.

22. An alloy of 50% nickel, 50% iron is cold reduced approx-
imately 99% to .002" tspe. Wnile being wound into a toroidal
tape core it is insulated in a mixture consisting of 200 grams
of magnesium nydroxide, 5.25 grams of Lomar PW and 2 liters

of water passed through a coloid mill. Then it is rapidly

heated to 975°C (requiriung approximately 15 minutes) in a pure
nydrogen atmosphere. After being held at tnis temperature of
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975° for two hours it is rapialy cooled by being withdrawr:
from the furnace heat zone. The core temperature shculd fall
helow 200°9C in approximately Z0 minutes.

23. The heat tursatment will vary =slightly with differsnt
amounts of impuritles in the alloy and witn different amounts
of cold reduction. 1In general the <-C properties obtained
in the cores will be as follows:

Maximum permeability (pm) = 85,000

Coercive force (Hg) = 0.15 oersteds

u

4~
-l

-

&t of residual flux density to maxirmum
flux density(ggq ~ «93

Bm
24. Again it shoulo be note:l tnat the above properties can
not be used as a guarantee cnat tne wound reactor will possess
the specified £-I curves since complets correlation has not
yet been obtained between the above d-¢ properties and the
dynamic performance of the cores in a magnetic amplifier cir-
cuit. The above prccedure and values will however serve as
a help to the manufacturer in producing the desired cores.

25. 1t should be made clear that the properties demanded of
the cores in the second, third and fourth stages are those
possessed by nominally good sgquare loop core material manu-~
factured commercially under the names of Orthonol, Orthonik,
Deltamax, etc. No aifficulty should be experienced 1n
purchasing these¢ cores. They are usually obtainable in phenolic
core boxes witin some packing such as silicone grease to prevent
excessive movement.

26, Before they are tested, the wound reactors should be
temperature cycled ovar the required temperature range to
be sure the necessary expansion and contrsction is obtainable

and to prcduce any permanent streins that will result from
normal usage.

27. A recommended procedure 1ls to tsaike the reactors tarough
ten temperature cycles from =-60°C to +75°C.

28. Summarizing, the selection of cores for Staye II involves
the following:

(1) Select cores in sets ot two by matchin, their
weights to the third signiticant figurs.
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(2) Wina the cores with tie prescribed winding s and
temperature cycle tne wound reactor ten times from -60°C to
+ 75°C.

{3} Check to see if tne n~I curve falls in the prescribed
range.

29. The tape wounda torolaal core size¢ used is 1-1/8" inside

dismeter, 1-3/8" outside diameter, 1/4" tape width. The tape
thickness is .002". Tne same core size is used in tnc third

and Zourth stages allowing tne use of re jects from the second
stasge with the necessary modirication of windings.

ASSEMBLY ANL TRESTINC OW STAGH T

30. After selection of tne rectifiers and reactors according”
to the above procedure, Stage I 1s assembled. '['o test Stege
I, it is cascaded witn a "standard" second stape wnicn is
known to be falrly well-balanced. Tnis test connection is
shown in figure 9.

31. While connectec in tnis manner Stage 1 is trimmed for
voltage insensitivity. <The circuit is first balanced for
zero output (with tue input terminals snorted) by placing a
high resistance across one or tne 600 turn winaings on one of
thie reactors. Trial and error will shnow wilcr reactor must
be shunted to zero tne output. Tne line voltage is ctnen
varlied over tite desired range of insentivity, in this case
100 volts to 130 volts. The variation in tie output meter
reading is noted. A small capaciteance 1is placed across one
of tne 800 turn windaings on one ot tie reactors. Wnen rebal-
anced witn resistarnce, tne sensitivity to line voltage varia-
tion is again checked. If tue variation in tne output meter
reeding 1s reduced for the swing in line voltage iLne capaci-
tance is on the right reactor -and only the proper value of
capacitance remains to be determined. VWhen tne proper values
ot capacitance and resistance are obtained, thie ocutput, with
zero inpgut, will be insensitive to changes in line voltage
over tne range from 100 to 130 volts. To prevent tne use of
reaciours that are too greatly mismatched, tne values of
trimming resistance and capacitance are limited. The capaci-
tance snould not exceed .0015 microfarads and tne resistance
snould not be below 100,000 onms.

32. The galn curve ol tne two 3tage connection of I'igure 9
is now checked and snould fall in the range indicated in
figure 10,

33. The final test of Stage I 1s to check its drift (output
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for no input) over the temperature range of -55°C to +71°C.
Again, connected as in figure 9, and with the signal input
shorted. Stage I is placed in tnhe temperature chamber. Some
provision, such as sealing in a container, must be made to
prevent molsture condensaticn on thne components of Stage I.
Yery large drifts ars encountered wnen tnis precaution is
not taken.

34. The open loop arift vs temperature curve for Stage 1 is
plotted. Two examples are shown in figure 11, where tne
closed loop arift for Stage I is also given for comparisorn
with the specifled open loop drift. It is to be noted that
they correlave withln a smail fraction of tne drirt specifi-
cation. This drift will be in the order of 0 - C.1 volts and
will be placed in opposition to a drift of roughly the same
magnitude in Stage II to ilisure drirts telow the 0.05 volt
level. (Actually 90% of the samplec investigated had less
than 0.05 volts drift slone when the procedure requirements
were followed.)

35. The facility with wnich %tliese curves can be taken is seer

when it is pointed out thaet tnese are all open-lcs; measure-

ments requiring only an output meter in the way of instrumen-

tation., Large numbers of stages-can be run simultaneously in N
one temperature chamber requiring only a meter reading on

each at a given temperature.

ASSEMBLY AND TLSTING OF STAGE 1I

36. A similar assembly and testing ;rocedure tc tnat of

Stage I i1s followed for Stage II. 3tage II is assembled and
cascaded with a "standard" Stage I (assembled from matcned
components) as shown in fijure 12. While connected in this
manner the two stage circuit is trimmed for voltage insensi-
tivity in the same manner &3 that outlined in Assembly and
Testing of Stage I. Tne trimming, it will be noted, is applied
to the "standard" Stage I anda tne same limita to tne amount

of trimming, namely, less tnan .J015 microfarads and no less
than 100,000 ohms, apply. Trimming in excess of tnis inaicates
that the Stage 11 under test 1is too greatly mismatched to be
used.

37. Again the gain curve of tne two stages is cbtained and
must fall, in the range given in figure 10. The gain curve
test ordinarily should not result in any rejects at tnis
point in the assembly process.

38. An open loop drift (output for no input) curve for the
temperature range of =559C to +71°C is now taken witn tie

10
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Stage II in the temperature chamber. Again precaution must
e taken to prevent molsture condensation on the components.
This curve will be similar to the sample curve of a Stage II
given in figure 13 where the closed loop drift for the Stage
II 1s also given for comparison. The maximum drift will be
in the order of 0-0.1 volts and will be opposed to the drift
cf a Stage I to produce drifts below the 0.05 volt level.

39. Again it should be pointed out that in a production sst-
up, large numbers of stages can be run simultaneously in a
temperature chamber requiring only a meter reading on each
at the desired temperatures.

COMBINING STAGES 1 AbND 11
40. The testing of Stages I and II yielas a drift curve for
each stage. The two stages wnich are tov be used topetner sis
selected on the basis of the magnitude of tneir drift curves.
Stages are chosen with drift curves that when subtracted
from each other fall well below the 0.05 volt lsvel. Tnis is
reia tively easy since all the drift curves snould be below
the 0.1 volt level. If the curves run on the test circuits
of figures 9 and 12 nave drifts opposice in polarity, then
the output terminal A of Stage I 1s connected to input termi-
nal A' of Stage II and B is connected to B'. This results
in subtraction of the drifts. I{ the curves run on the test
circuits of figures 9 and 12 have drifts of the same pclarity
then the output terminal A of Stage 1 1s connected to the
input terminal B' of Stage 11 and the output terminal B of
Stage I is connected to input terminal A' of Stage II. This
again results in subtraction of the drifts.

41l. The two stages are wired together at this point and remain
together when inserted in the completed unit. Again it 1is
edvisable as a production check to take a gain curve of the

two stage amplilier,

ASSEMBLY AND TESTING OF STAGES III AND IV

42. The selection of components and the assembling of Stages
III and IV requires nov special technique. The Urthonol tape
cores should have gain properties as good as tnose described

in Stage Il for satisfactory performance. As stated previously
although Radlo Receptor Company rectifiers gave tne desired
resalts, other rectifiers may be substituted so long as
amplifier performance (gain ana time delay) are unimpaired.

43. It may be advisable to temperature cycle the rectifiers and

reactors as done for Stage II to stabillze tuem as far as possible,
The recciflers should afterwaras be formed for 24y nours at

11
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rated current and voltage.

4. With the input to Stage III shorted through its 1000
onm input resistance, any unbalances in Stages III and IV
can be removed by shunting a winding on a reactor of Stage
IITI with a high resistance. The gain of these two stages
should be checked and should be approximately that cf the
gain curve in figure 1li4 or higher.

FINAL ASSEMBLY

45. The combined first and second stages are now assembled
with stages III and IV. The final adjustments are muide

after the servo loop 1is closed. There are Lwo aujusvments
to be made which interacc somewhat. The feedback around
Stages 1 and Il must be set by means of tne voltage divider
on the output of Stage II. Tikis is sdjusted until the run-
ning error is below 0.1 volts for botin ailrections of rotation
and for all speeds up to 20 degrees per second at tne control
transformer shaft. If a static error 1is vresent, allowance
must be made for thls error while measuring the running arror.
The adjustment of the voltage divider may have a slight zffect
on tne static null error. When the divider 1a get tne final
balancing 1s accomplished by means of resistance and capaci-
tance shunt on a reactor of Stage I. It will be recalled

that such a balancing and voltage insensitizing procedure was
carrisd cut in the assembly and teating of Stage I. The
capacitance and resistance shunts if still present on Stage I
may have to be sdjusted in this final balancing and voltage
insensitizing check.

4L6. The amplifier is now completed. A block diagram of the
construction schedule 1s shown in figure 15 which will sum-
marize the steps taken,

(.ONCLUSIONS

7. Input stage circuli components operate in such & non-
linear manner and require such sensitive matching that they
must be selected by comparison under sctual c¢ircult conditions.

48. The remalning stages can be drift insensitized by nominal
selection of components.

49. Thls procedurs thcugh moderately compl}icated is ol such
8 nsture as to make possible tne practical manufacture of
drift insensitive, nigh performance, magnetic amplifiers.

50. Though outlined for one specific circult thils procedure
with slight modifications 1s applicable to all high performance
magnetic amplifiers.

12
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APPENDIX
OUTLINE OF DRIFT INVLSTIGATION PROGRAM

l. When the study of drift in magnetic amplifiers was under-
taken, preliminary tests indicated that the three main sources
of drift were (1) disturbances causing unbalanced operaticn
of rectifiers, (2} disturbances causing unbalanced operation
of reactors, and (3) disturbances causing a change in level of
operation of the rectifiers which changed the level of oper-
ation of the reactors, causing unbalanced operation. This
latter source of drift is difficult to detect because reactor
unbalance occurs when the rectifiers only are in the temper-
ature chamber.

2. The disturbances, causing drift, that are considered in
tnls drift study are temperature, voltage and frequency. To
simplify the investigation tne assumption was made that fre-
quency variations could be rougnly simulated by voltage
varlations. Consequently the voltage variations were increased
in lieu of taking frequency tests. Spot checks taken later
verifled the validity of tris =sssumption.

3. Tihe first investigations reveslsd considerabls drift
contributed by thne unbalanced operation of tne rectifiers

over the temperature and voltage range. This was in con-
formance with the general experience in tne field. First
emphesis tnerefore was placed on the minimization of drift

in the rectiflers of the first stage, which was a conventional
half-wave bridgs.

4. An attempt was made to match rectifliers on the basis of
their voltage current characteristics. The rectifier reverse
current was measured at three voltage levels, the 0.5 volt

per plate, the 1.0 volt per plate and the 2.5 volt per plate
level. Variations of approximately 5% were noted. The for-
ward direct voltage on the rectifier was measured at six
different forward current levels, i.e., 1 ma, 2 na, 5 ma,

20 ma, 50 ma, and 100 ma. Variaticns of approximately 10#%
werc noted in this region. When assembled stacks of recti-
fiers falled te produce any matched palrs, one hundred unassem-
bled cne-inch-square selenium rectifier plates were measured
and stecks of 6 plates (12 plates doubler connected were
normally used in each side of oridge) assembled from selected
plates. Nc tws »lates had all nine readings identical but it
was possible to assemble stacks that had no differences gresac-
er than 5%. At thls stage of the investigation two performance
tests were being used to indicate matched rectifier stacks.

One was to interchange tne stacks in tne bridge circuitv. Thls
was later found to be misleading. The other was to measure

the drift over the temperature range. usoth tests falled to

13
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give more than fair correlation with tne voltage-curient
measurements obtained on the rectifiers and the drifts
encountered over ths temperature range were far in oxcess of
tne 0.05 volt specification., The fajlure to correlute was
attributed to two causes. One, and mcst important, was the
failure of ths rectifier voltage-currant test circuit to
duplicate operating conditions. The other was the lateraction
between rectiflers and reactors, partioculariy in the bridge
circuit, which made isolation of their respective drifts
difficult. Considerabls effcrt was directed toward duplica-
ting actual operating conditions in the test circult by the
addition of rectifiers and/or reactors, but iittle s .iccess

was achieved. The most practical method appearad to be to
natch input stage rectifiers by comparison in the actual
nagnetic amplifier circuilt. Thls compariszon was obtained dy
interchanging rectifiers and noting circuit behavior under
sach condition. In the bridge type circult this interchange
ylelded pocr data due to the interaction amoing components.

The trouble arose from the inequallity of the four iegs ol the
bridge. In order to sffectivsly eliminate two legs of thLa
bridge the first stage circult was changed to the differential
circuit where & nali-wave magnetlic amplilfisr stage is ccupled
to the following stage by means of differential windings.

This circuit had been previously uaed in the Magnetics Division
of the Naval Ordnance Laboratory to obtain higher gains than
from the conventional bridge. It nas also been suggested that
since the number of rectiflers was reduced cver the convemtional
bridge the matoning siaould he easler. In addition the differ-
ential circuit permitted somewhat better control of distributed
capacitances because the reactor power windings were now
combined into one power winding. It should be noted here that
a large percentage of the leakage current in selenium recti-
fiers at [00-cycle power frequency 1s capacitive current and
that at tho drift level required cupacitive unbalance in
rectifiers and reactors causes considerable trouble. After
changing over to the differential circuit an effort was made
to correiate several types of absolute measurements on the
rectifiers with circult performance, but without success.

From thls point on, input stage rectiflers were matched only
by comparison in the actual diflerential circuit being used
but with the output differentlal windings replaced by 100 ohn
resistors. The circult, however, still appeared to be far

toc sensitive to rectifier mismatch. To ingsensitize the cir-
cult to the effects to rectifler mismatch a rectifier was
added in the line feeding the differential stage. A large
number of plates were used in this rectifier which was common
to both legs of the differential circuit and the effect was

to minimize rsverss leakage differences in the rectifiseras in
nach leg of the circult. Tc reduce re:3tting action from

1,
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rectifier reverse leakage the reactors were wound with a
relatively few number of turns. The line resistance was
added to reduce quiescent current with its attendant heating
drift and to minimize the effect of forward resistance dif-
ferences in the rectifiers in each l1eg of the circuilt.

5. Using the differcntial circuit with line rectifier and
selectiig leg rectifiers by comparison in the actual circult,
drift due to rectifier unbalance was minimized. As previously
mentioned, however, this rectifier drift was not completely
distinguishable from reactor drift. When the temperature is
changed the impedances of the rectifliers change and these
changes 1in impedance. quite apart from mismatch in impedance,
change the flux setting on the reactors. The operation of the
reactors around & new flux level brings out mismatch in the
reactors not present wne:n operating around the former flux
lovel. Tnus; with the rectifler only in tne temperature
chamber, the drift recorded may bs due solely to reacter mis-
match. This would scom to indicate t.at tue reactors only
snoula be placed in the temperature chamber to record strictly
reactor drift. nowever, wnen tnegptemperature is changed

under these condittions the coercive force of the reactor core
changes, the firing angle, or point of saturation in tae half
cycle of line voltage, also changes. 'I'nis new firing angle

on the conducting half cycle and changed impedance on the
reset nalf cycle cause changed waveforms to be placed o the
rectifier. The new waveforms with their associatsu harmonics
bring out mismatches in the rectifiers not seen unaer previous
conditions. Thus with the reactors only in ths temperatruare
chamber mismatch in the rectifiers may be contributing tc the
recorded drift.

6. As a result of these effects it was not possible to say
with certainty that the drift due to rectifiers nad been
reduced to some specific value even after tne above dlscussed
changes were made. It was necessary to assume for the moment
that rectifler drift had been minimized and to direct the
effort toward minimization of drift in the reactors of siage
one.

(. Considerable drift apparently was belng contributed by the
rerctors. Selectlcinn on the basis of k-I curves did not yleld
the quality of matching necessary to guarantee low drift over
the temperature range. This was attributed to the mechanical
constraction of the Urtihnonol tape-wound toroids wnicu are

sub ject to some mechanical stress under ambient temperature
changes. To overcome this, laminated core material was aaopted.
It should ve pointed out tunat as time was limited a full
investigation of tanls problem of core construction could nct

—
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be carried out and subsequent experimentation may show the
sultability of tape-wound torolds for operation over a large
temperature range.

8. With laminated 4-79 molybdenum permenol cores in differen-
tial circuit connection plus 1line rectifler and selected leg
rectifiers, the drifts experienced with the entire Stage 1

in the temperature cnamber were naw in the order of 0.1l velt.
With this low temperature drift the most pronounced drift
experience in the amplifier was now due to line voltage vari-
ations. For a line voltage variation of 100 to 130 volts
drifts of several times the 0.05 volt specification wers
noted.

Q. It was known that in tne half-wave bridge magnetic ampli-
fier tne seiles-type reset circuitl was less sensitive to
line voltage varlations than the parallel-type reset circuit.
Accordingly, the first three stages of the amplifier under
study were converted tc series-type resct. This involved
shunting the doubler connected rectitf'ier in one side of the
bridge for Stages II and III and changing the circuit in
Stage 1. It had been previously noted that sensitivity to
line voltage variation was affected by the balancing method
used. A study was undsertaken that resulted in the resistance-
capacitance trimming method% for decreasing the sensitivity
to line voltage changes. By following this method, which 1is
outlined in the maln body ci this report, tne line voltage
drift can be reduced to & small fraction of the 0.05 volt
total drift specification. Although the trimming technique
falls tc meintain the sasme voltage insensitivity over the
temperature range 1t does reduce 1t to sucn a low value that
it no longer is an appreciable amount of the 0.05 volt speci-
fication.

10. With the minimization of the voltage and temperature
drifts in Stage I the open loop drift problem was essentially
solved. The drift contributed by Stage 11 was an order of
magnitude lower and it was assumed at this time tnat nominal
s3election of componentg for tnis stage and succeeding stages
would be satisfactory.

11. It was now necessary to investigate tne closea Loop
3ystem where additional feedback connections were made, wnere
the Cirst two stages function as an integrator and where the
low veloclty error specificatio>n must be met, requiring near
conatant gailn in the first two stages. These addltions to
the problem nad to be met over the temperature range and for
rgquired variations in line voltage.

16
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12. Upon placing the positive integral feedback sround the
first two stages and clesing the servo loop er unbalance was
introduced. If the amplifier was rebalanced under these con-
ditions the gain curve was distorted to cross the origin and
remained unchanged at higher levels. This caused the gain
curve to be non-linear and adversely affected the operation
of the integrator. The unbalance introduced when tne pcsitive
integral feedback loop was closed was due to distributed
capacitance between tne power winding and the control winding
on which the feedbeck signal was placed. To prsvent this the
windings on the reactors of Stage I were sector wound and the
feedback circuit made as symmetrical as possibls. This resul-
ted in essentially the same balance in botn open and closed
loop.

13. To assure meeting the low velocity srror specification
under all conditions, extensive dynaemic tests were run et
room cemperature before any tests were run at different
ambient temperatures. In these testes the slope of the gain
curve and linearity of the gain curve sufficisnt to maintain
near zero veloclity error over the line volt age range of 100-
130 volts were found. The velocity error was measured for

six input velocities. 20 degrees per second at the contrel
transformer shaft, 12 degrees per second, 5 degrees per second,
-5 degrees per second, -12 degrees per second, and -20 degrees
per secend. This wes repeated for each of the three lins
voltage levels, 100 volts, 115 volts, and 130 voltz. This
data was taken using fourteen different input stages after
determining that tne remaining three stages of amplification
were satisfactory. The fourteen input stages were provided
by first running one set of rectifiers witn six different sets
of reactors and then running one set of reactors with eight
new sets of rectifiers. The results obtained were limits on
the slope and linearity of the gain curve, necessary relative
matching of reactors, and necessary relative matching of
rectifiers.

1., After determining the reguirements for room tempersture
operation the tssts were repeated at the six velocities agd
three voltage levels for ambiont temperatures of 09C, -25°C,
~-50°C and + 75°C. This data was taken using six different
rirst stages where the first stage only was placed in the
temperature chamber, and for two second stages. where the
second stage only was placed in the temperature chamber.

This data was not as gcod as expected; being slightly outside
the 0.05 volt specification for several of the stages. Tnis
was attributed to moisture condensatlion on the components

end subsequent tests verific. zhis. Up to tnis point, in ail
cold temperature tests the amplifier nad been placed in a

17
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sealed plastic bag contalning a drying agent. However,

air leakage around the lead-in wires permitted sufficient
moisture to condense on the amplifier to cause a drift in
the order of the 0.05 volt specification., This drift was

not identified as moisture arift but was assumed to be tem-
perature drift. To correct this when it was discovered, the
amplifiers were placed in metal containers naving press tighi
lids equipped witnh lead-in headers. The seams were scldered
tnoroughly and the lid was sealed with Glyptol after a drylng
agent, Calcium dydride was placed in the container. Wwaen the
amplifiers were operated .n this mamner thne drifts were
reduced still further and were 1n the range expectod.

15. The second stage crift appeared to be ilower tnsn tae 0.05
volt specification as long as components were nominal. However,
the drift was an appresciable fraction of the 0.05 volt allow-
able drift. This plus the Cact that the input stage drift was
marginal if high ylelds were expected indicated that a higher
yvield could be obtained and considerably lower drifts would
result if the drift of Stage II was made to oppose tne drift

of Stage I. Thils could be accomplished by the fairly simple
expedient of taking an open loop drift curve during fabrication
of the perticular stage, and upon assembly of the unit, connec-
ting the stages 8o as tc oppose the drifts.

16. The requirements on the amplifier were now wel: under-
stood and specifications had been =et on all components, gains,
and linearities. Many specifications were satisfactory, while

at the same time it was realized that they could be loossned
when additional data were obtained on larger statistical samples.
Since the purpose of the investigation was to show the practi-
cabllity of manufacturing a drift insensitive magnetic ccntrol
amplifier, it was felt that the first emphasis should he on
completely specifying the problem and making conservative
estimates of ylelds on components. Further experience on the
part of the manufacturer snould liberalize specifications and
increase yields.

17. As a final check on the procedures outlined in the main
body of this report a sample consisting of ten input atages
and 44 second stages were testzd under humidity free conditious
and at the amblent temperatures, +75°C, ¢50°C, +25°%, 0%,
-25°C, -55°C. At -ach temperature the static error was cneaked
for line voltages of 100v., 1ll5v., and 130v. The velocity
errcr was checked for the three line voltages witn the six
input velocitles discussed previously. In saddition, tne open
loop gain curve of Stages I and II was taken at each temper-
ature. Each amplifier stage was allowed tu stabilize at each
new tLemperature ror at least seven hours. Tne rssults of
these tes. s gave further verification to the specifications

18




NAVORD Report 3595

outlined. Figure 11 is a sample of the type of drift curve
obtained from these tests,

18, As a result of this drift study thne foregoing preliminary
speclifications and techniques for manufacturing drift insen-
sitive magnetic control amplifiers were devised. Tue procedure
outlined 1s considerably simpler tnan some manufachturing nro-
cedures now in use in this field and subsequent study should
serve to further simplify 1it.
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FIG. 2 — SECTOR WINDING LAYOUT
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